The key to achieving high-quality van der Waals heterostructure devices made from various two-dimensional (2D) materials lies in the control over clean and flexible interfaces. However, existing transfer methods based on different mediators possess insufficiencies including the presence of residues, the unavailability of flexi ble interface engineering, and the selectivity towards materials and substrates since their adhesions differ considerably with the various preparation conditions, from chemical vapor deposition (CVD) growth to mechanical exfoliation. In this paper, we intr oduce a more universal method using a prefabricated polyvinyl alcohol (PVA) film to transfer and stack 2D materials, whether they are prepared by CVD or exfoliation. This peel-off and drop-off technique promises an ideal interface of the materials without introducing contamination. In addition, the method exhibits a micron-scale spatial transfer accuracy and meets special experimental conditions such as the preparation of twisted graphene and the 2D/metal heterostructure construction. We illustrate the superiority of this method with a WSe2 vertical spin valve device, whose performance verifies the applicability and advantages of such a method for spintronics. Our PVA-assisted transfer process will promote the development of high-performance 2D-material-based devices.
Introduction
Since the observation of giant magnetoresistance (GMR) by Fert et al. and Grünberg et al. [1, 2] , spintronics, which utilizes the spin of electrons, has become a promising solution for next-generation data storage and information processing in the post-Moore's-law era [3, 4] . After the first successful exfoliation of monolayer graphene in 2004 [5] , significant advances in the field of graphene spintronics, including efficient spin transport [6] , spin relaxation [7, 8] , and spin logic devices [3, 9] have been made. This progress has been followed by an impressive surge in the development of other two-dimensional (2D) materials, such as transition metal dichalcogenides (TMDs) [10] [11] [12] [13] which further enrich 2D spintronics with features of gate tunability [14] , spin-valley coupling [15] , and even 2D ferromagnetism [16] .
In parallel with the study of graphene-like 2D materials, van der Waals heterostructures fabricated by stacking 2D crystals on top of each other have also been gaining substantial attention [17] [18] [19] . These 2D heterostructures with fascinating properties could trigger new revolutions in innovative device and architecture designs for integrated circuit applications, such as GMR [20] , and superconductivity [18] . In this sense, the development of a universal fabrication method that can achieve desired and clean interfaces between 2D materials, and fine contacts with electrodes has become a key issue with 2D electronics, especially 2D spintronics.
The existing fabrication methods of van der Waals heterostructures and devices [21] [22] [23] [24] [25] [26] [27] [28] [29] can be classified into wet and dry transfer methods. The polymethyl methacrylate (PMMA)-assisted [21] wet transfer method is most widely used, however, it engenders a major issue that the polymer contamination is difficult to remove after the transfer, which will degrade the performance of device. The dry transfer method represented by polydimethylsiloxane (PDMS) has been shown to reduce the contamination [30] and can achieve precise positioning transfer [31] . However, it is difficult for PDMS to pick up 2D atomic layers [32] to construct heterostructures, especially sandwich structures, and the stacking of more layers.
/ 8
Here, we present a universal method utilizing a free-standing PVA film to realize 2D material transfer and fabrication of van der The focus of the free-standing PVA assisted transfer is to prepare the PVA film of appropriate thickness (~50 μm, see Figure   1a ). The much thinner one is easily curled which is not convenient for the transfer operation while the much thicker one will be difficult to be completely removed (see Methods for details of the preparation process of PVA film).
A variety of 2D materials have been transferred using the free-standing PVA thin film in our trials. The first is the overall transfer of the continuous monolayer WSe2 on silicon substrate.
The transfer process refers to the description in the next paragraph.
The result is shown in Figure 1b , the whole film of CVD-grown
WSe2 is transferred at one time to the substrate with pre-patterned electrodes. This method also could be scaled up for the transfer of large-area 2D materials, provided the PVA film is large enough.
Further, the heterostructures of h-BN/graphene is prepared with our transfer method. The process is schematically illustrated in Figure 1c . After mechanical exfoliation, the h-BN and graphene crystals on silicon are selected for stacking under an optical microscope ( Figure 1d and e). Then, take a glass slide with a piece of PDMS (10*10*2 mm) on it, to act as a releasable supporting platform for PVA. Next, a thin PVA film of the same size is taken and stuck onto the PDMS, whereby the PVA film could be easily 3 / 8 bent and is adhered tightly to the PDMS due to the flexibility of PVA and the appreciable adhesion.
Under the microscope, with the help of a home-built transfer set with micromanipulation stage, the glass slide/PDMS/PVA is aligned and made to contact tightly with the as-selected h-BN flake.
And heat the stage at 90°C for 2 minutes to guarantee the PVA film adheres to both the silicon wafer and h-BN flake firmly. The binding between PVA and PDMS is relatively weaker, so the PVA film adhered to the silicon wafer and can be separated from the PDMS slowly. On the other hand, the h-BN is adhered to the PVA stronger than to the silicon, so the PVA film carrying the h-BN flake can be peeled off slowly from the substrate with tweezers and reattached to PDMS to form a new stack of glass slide/PDMS/PVA/h-BN.
Similarly, the graphene can be picked up with the new stack, thanks to strong van der Waals interactions between both graphene/h-BN and graphene/PVA. The alignment between graphene and h-BN should be controlled carefully. Therefore, the transfer of the selected sample in a specific area can be realized without affecting surroundings, provided that the area of the PVA film is controlled.
Flexible stacking control of both angle and position
The interfacial engineering of 2D heterostructures, for example, by controlling the stacking order and angle, has endowed 2D materials/heterostructures with fascinating properties, such as anisotropic spin relaxation [8] and tunable spin absorption [9] . Now, utilizing a partial transfer of PVA film and a rotation of the substrate, we can easily realize these structures. Figure 2d describes the fabrication process of an angularly controlled stacked sample consisting of two rotationally aligned monolayer graphene flakes. The corresponding optical micrographs are shown in Figure   2e -g. The target graphene is partially picked up by controlling the contact area with the PVA film edge, subsequently, the remaining 4 / 8 graphene is slightly rotated with the substrate by a rotator and adhered to the graphene that had just been picked up, forming a twist-angle bilayer graphene with controllable rotationally aligned.
Compared with the requirement of making a hemispherical handle substrate [33] to transfer a sample with a specific area, this method only needs controlling the edge of the PVA to overlap with a fixed area, and greatly simplifies the process. 
Transfer of 2D materials with pre-deposited metal films
Contact engineering between 2D materials and bulk materials (such as metallic electrodes) has been a key issue of 2D electronics [34, 35] . 
Characterization and Device Performance
We use microscopic, atomic force microscopic (AFM), and spectroscopic approaches to evaluate the quality of this PVA transfer method. Taking Raman and AFM data, this change can be caused by the interaction between the sample and different substrates [39] .
The interface quality significantly affects the electronic structure and transport performance of 2D materials devices [40] .
Especially for spintronic applications, the interface is a key issue [41] . To investigate the interface quality in our transfer method, we further fabricate a WSe2 vertical spin valve in which bilayer WSe2 is sandwiched between two ferromagnetic (FM) electrodes (NiFe and Co) and served as the nonmagnetic spacer layer [42] . As shown in Figure 4a Additionally, the MR range labeled by blue solid triangles in Figure 4c is from the monolayer-MoS2 spin valve with pristine interfaces, as reported in [47] , in which the contacts are formed by directly depositing metal on the pristine exfoliated 2D material, through a hole in the bottom of the substrate. For making a direct comparison, we prepare the same device by PVA transferring, whose MR range is shown with red solid triangles, which is reached to the level of the above devices with pristine interface.
The results indicate that in our transfer process, after dissolving the PVA, the surface of the 2D material is ultraclean and approaches intrinsic quality.
Conclusions
In conclusion, we develop a method for transferring and 
Methods

PVA film preparation process
Dissolve the PVA powder (Alfa Aesar, 98-99% hydrolyzed, high molecular weight) in deionized water with a mass ratio of 4%~6%. Decant the solution into a Petri dish with the liquid height being about 1 mm. Place the dish in the fume hood to accelerate the evaporation of the solvent. The PVA film could be formed after a few hours. Subsequently, the as-prepared PVA could be cut and peeled off as a free-standing film.
